The discovery that methylotrophic bacteria can utilize lanthanides as catalysts for methanol 16 metabolism has opened new areas of biology and biochemistry. Recent studies of lanthanide-17 dependent enzymes have focused on biochemical and kinetic properties or the regulation of 18 encoding genes. Kinetic analysis of a pyrroloquinoline quinone methanol dehydrogenase, XoxF1 19 (MexAM1_1746), from the model methylotroph Methylobacterium extorquens AM1 confirms 20 the use of different lanthanides as cofactors and formaldehyde as a product of methanol 21 oxidation, showing that not all XoxF MDH produce formate as the only end product in vivo. The 22 30 pyrroloquinoline quinone alcohol dehydrogenase ExaF (MexAM1_1139), but not XoxF1, can 31 reduce formaldehyde toxicity when lanthanides are present, providing evidence of a role for 32
dephosphotetrahydromethanopterin pathway for formaldehyde oxidation is still required for 23 lanthanide-methylotrophic growth, as a fae mutant does not grow with methanol in the 24 presence of exogenous lanthanides. Increases of 15-22% in growth rate and 10-12.5% in growth 25 yield are observed when M. extorquens AM1 is grown in the presence of lanthanides with 26 methanol. RNA-sequencing transcriptomics indicates remodeling of methanol, formaldehyde 27 and formate oxidation gene expression, and targeted metabolomics shows increased 28 accumulation of intracellular formate and decreased pools of several assimilatory 29 intermediates. Methanol sensitivity growth assays show that the lanthanide-dependent INTRODUCTION 50 A direct link between the lanthanide elements (Ln) and microbial metabolism has been 51 firmly established with the discovery of pyrroloquinoline quinone (PQQ)-dependent alcohol 52 dehydrogenases (ADH) that contain a Ln atom in the active site in methylotrophic bacteria (1-the enzyme as La 3+ -dependent (2). The only detailed kinetic analysis available for XoxF1, 81 however, was conducted with enzyme from culture grown in the absence of Ln (7). In vivo 82 evidence is suggestive of XoxF1-catalyzed formaldehyde oxidation in starving cells fed 83 methanol. However, metabolically active cells were not used in those studies and, nor was the 84 regulatory role of XoxF1 taken into account (6, 19) . Since these studies were done in the 85 absence of Ln, it is currently unknown how the catalytic properties of XoxF1 could change in 86 vivo. Due to the relevance of this enzyme for Ln-dependent methylotrophy, and the lack of 87 fundamental information available for Ln-dependent enzymes, particularly with other Ln 88 cofactors, a detailed kinetic study of XoxF1 MDH is needed. 89 Defining the kinetic differences of Ln-dependent MDH, and assessing the impacts they 90 have on downstream metabolism, is an important first step to better understanding the 91 implications of these metals in biology. Methanol growth in M. extorquens AM1 requires the 92 dephosphotetrahydromethanopterin (H 4 MPT) pathway to link highly reactive formaldehyde MDH, referred to as the "lanthanide switch" (23). A recent study utilizing gene expression 103 studies comparing methylotrophy with and without La 3+ for Methylobacterium aquaticum strain 104 22A reported down-regulation of formaldehyde oxidation and PQQ synthesis genes (19). This 105 same study described a higher formaldehyde oxidation rate in resting cells when grown in the 106 presence of La 3+ , again indicative of a Ln-dependent change to formaldehyde metabolism. 107 Detailed characterization of the metabolomics profile, coupled with gene expression studies of 108 actively growing cells, would provide further insight into the metabolic effects of Ln on 109 methylotrophy. 110 In this study, we biochemically characterize XoxF1 MDH from the model methylotroph 111 M. extorquens AM1, which utilizes the serine cycle and ethylmalonyl-CoA pathway (EMC) for 112 carbon assimilation (14) . We confirm that XoxF1 MDH from M. extorquens AM1 is dependent 113 on Ln metals for catalytic function, that formaldehyde is the product of methanol oxidation, 114 and that it exhibits properties similar to those reported for MxaFI enzymes. In support of this, 115 we show that the H 4 MPT pathway is required during Ln methylotrophy. RNA-seq 116 transcriptomics and targeted metabolomics analyses indicate marked modifications to 117 methanol and formate oxidation, as well as significant alterations to assimilatory pathways. 118 Together, these modifications to methylotrophy result in a faster growth rate and higher 119 growth yield compared to Ln-independent growth with methanol. Finally, we show that ExaF methanol oxidation via XoxF1 was 380-fold higher. The K M for methanol was 4-fold higher. This 147 resulted in a 91-fold increase in catalytic efficiency when La 3+ XoxF1 MDH when La 3+ is available for incorporation into the active site, and indicate that 154 oxidation rate, rather than increased substrate affinity, is cause of this increase. 155 Next, we purified XoxF1 from cultures grown with exogenous neodymium (Nd 3+ ) and 156 kinetically characterized the enzyme with methanol and formaldehyde as substrates [FIG 1 A-B , product formed in the dye-linked in vitro MDH assay using pure XoxF MDH from M. 169 fumariolicum SolV. They reported a 2-fold increase in the amount of DCPIP reduced relative to 170 methanol oxidized, indicating that the substrate was oxidized to formaldehyde and then to 171 formate (3). An increased rate of formaldehyde accumulation was also observed in resting cells 172 of M. aquaticum strain 22A when cultures were grown in the absence of La 3+ pathway, therefore, is required for Ln-dependent methylotrophy providing in vivo evidence with a growing culture that XoxF1 catalyzes the production of formaldehyde, and not formate, 190 from methanol. 191 An fae mutant strain is able to grow with methanol if the multi-carbon substrate 192 succinate is included in the growth medium as well (22) . Under these conditions the fae mutant 193 grows at a slower rate and growth arrests at a lower final OD 600 than the wild-type strain due to 194 accumulation of formaldehyde (22). Kinetic characterization of XoxF1 (this study) and ExaF 195 indicates the capacity of these enzymes to oxidize formaldehyde in vitro, and raises the 196 possibility that they may have this activity in vivo (5). Should that be the case, one or both of 197 these enzymes could increase the formaldehyde tolerance of the strain when active. We 198 measured growth of the fae mutant with La 3+ (+La) and without La 3+ (-La) with both succinate 199 and 10 mM methanol as growth substrates [FIG 2B] . Relative to the wild-type strain, the fae 200 mutant strain grew more slowly and exhibited a strong reduction in growth rate after 201 surpassing OD 600 0.5 in both the +La and -La conditions. After the observed downshift in growth 202 rate, the fae mutant strain grew at the same rate regardless of the presence or absence of 203 exogenous La 3+ . However, growth yield, as final OD 600 This constituted a 15% increase in growth rate with exogenous La 3+ . When the concentration of 220 methanol was increased to 125 mM, the growth rate was 22% faster for the +La condition (μ = 221 0.180±0.003 h -1 ) relative to the -La condition (μ = 0.146±0.002 h -1 ). Addition of exogenous La 3+ 222 resulted in a higher culture yield (+12.5%) with 125 mM methanol. A similar La 3+ -dependent 223 increase in yield was observed with 15 mM methanol (+10.0%) and in 50 mL cultures grown in 224 new shake flasks (+17.1%, data not shown). Methanol concentration had no impact on the 225 growth rate for the +La conditions, but increasing to 125 mM methanol resulted in a 7% slower 226 growth rate in the -La condition. Together, these results show that exogenous La 3+ positively 227 impacts both growth rate and growth yield when methanol is the carbon and energy source. 228 Comparing cell dry weight of methanol grown cultures from shake flasks at full OD, we 229 observed a 21±3% increase (average of 5 biological replicates) in cell mass when exogenous La 3+ 230 was provided to the medium. with fdh4 being the only single knockout that has a measurable impact (30). Fdh3 is predicted 253 to a periplasmic enzyme, and therefore presumed to be necessary for oxidation of formate that would be produced in the periplasm. During La-dependent methylotrophic growth fdh1, fdh2, 255 and fdh3 gene clusters were downregulated 2-3.5 fold, while the fdh4 gene cluster was Together, these intermediates connect the TCA cycle with the serine cycle and EMC   299 pathway. Notably, citrate levels were increased 2.5-fold, which contrasts with the other organic 300 acid intermediates. Overall, the differences observed show reduced levels of assimilatory 301 intermediates for the two major pathways used to generate biomass precursors during C 1 302 growth. It is reasonable then, based on the observed growth and metabolite pool differences, 303 to conclude that these changes reflect more carbon being converted to biomass when La 3+ is 304 present in the growth medium.
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ExaF is a Ln-dependent alternative formaldehyde oxidation system. We observed that a fae 307 mutant strain is less sensitive to methanol, and thereby, more tolerant of formaldehyde, when 308 exogenous La 3+ is available. Our transcriptomics data indicate that during growth with 309 methanol and Ln, M. extorquens AM1 produces XoxF1 MDH and the Ln-dependent EtDH ExaF. 310 Although both enzymes in pure form are capable of oxidizing formaldehyde, only ExaF 311 displayed this capability in cell-free extract (this study, (5)). Deletion of exaF alone does not 312 impact growth with methanol, with or without Ln (5), but we nonetheless investigated the 313 possibility that ExaF can oxidize formaldehyde during Ln-dependent methylotrophic growth. 314 We conducted the same methanol sensitivity studies with fae exaF and fae MDH-3 mutant 315 strains (see Table 1 ) to specifically target the activity of XoxF1 or ExaF, respectively [FIG 6A,B ]. 316 The fae MDH-3 mutant strain has clean deletions for the mxaF, xoxF1, and xoxF2 genes, but can 317 still produce ExaF. Strains were grown in succinate medium for 2 hours and then 10 mM 318 methanol was added. After addition of methanol, the fae exaF mutant strain grew 48% slower 319 and maximum OD was 29% lower than the fae mutant strain. Similar effects on growth were seen when the concentration of methanol added was increased to 125 mM, with a 37% 321 reduction in growth rate and 25% reduction in final OD 600 . These results indicate that ExaF is 322 contributing to formaldehyde oxidation in vivo in a condition when the intermediate 323 accumulates to toxic levels. They are also further in vivo evidence that XoxF1 is not producing 324 formate from the oxidation of methanol. The fae MDH-3 mutant strain, on the other hand, 325 displayed a growth pattern resembling the wild-type strain when either 10 mM or 125 mM 326 methanol was spiked into the succinate growth medium [FIG 6A,B] , showing that with ExaF 327 available the strain is not inhibited by methanol addition. Measurement of internal 328 formaldehyde concentrations showed that the fae mutant strain accumulated 2-fold more 329 formaldehyde compared to the wild-type strain. The fae exaF double mutant strain 330 accumulated 26% more formaldehyde than the fae mutant strain, indicating that ExaF 331 contributes to oxidize the toxic intermediate in vivo. In comparison, >11-fold less formaldehyde 332 accumulated in the fae MDH-3 mutant strain compared to the fae mutant strain. This is likely 333 the result of ExaF being over-produced in this genetic background, since expression of exaF is 334 up-regulated by Ln. The MDH-3 mutant strain also has a severe growth defect with methanol 335 compared to the wild-type, and slower methanol oxidation could contribute as well (18). 336 Overall, these results indicate that ExaF is capable of in vivo formaldehyde oxidation during Ln 337 methylotrophy, possibly functioning as an auxiliary oxidation system to prevent inhibitory or 338 lethal accumulation of this toxic intermediate. Using a multi-layered approach, we showed that Ln-dependent methylotrophy in M. 359 extorquens AM1 involves significant changes in oxidative and assimilatory metabolism, and 360 results in more efficient growth and higher biomass. Oxidation of methanol by M. extorquens 361 AM1 produces formaldehyde, and either through the H 4 MPT pathway and/or ExaF, formate. 362 Production and consumption of these intermediates is intricately balanced and potentially impacts energy conservation and the generation of reducing power as NAD(P)H (34). 364 Periplasmic production of formate from methanol would result in the loss of formaldehyde, and 365 as a result a reduction of flux through the direct and primary route for production of NAD ( of citrate that can be excreted to chelate trace metals needed for metabolism (39). As the 404 mechanism for Ln acquisition is still unknown, excretion of citrate to solubilize Ln for uptake is 405 formally possible, and a potential candidate compound for future investigation. Overall, our metabolomics assessment of the assimilatory pathways shows a distinctive pattern for Ln-407 dependent methylotrophy that is consistent with the growth phenotypes observed. 
